black and stearic acid from the hydrophobic PET surface using a microscopic image analysis system. To improve detergency performance, the ultrasound irradiation during the washing 16 and the plasma treatment of the substrate 19 were attempted. Their effects on the soil removal will be discussed.
EXPERIMENTAL PROCEDURES 2.1 Materials
A biaxially oriented PET film with a thickness of 188 μm EMBLET SA-188, Unitika, Japan was used as a model substrate in the present study. Prior to use, the film was ultrasonically cleaned twice in water. Atmospheric pressure plasma jet APPJ treatment to the PET film was performed using a plasma pre-treatment equipment Plasmatreat GmbH, Germany and nitrogen as a reactive gas. The PET film was exposed to the APPJ via a nozzle with a diameter of 20 mm that was held at a distance of 7 mm from the PET surface. The PET film was moved horizontally at 0.16 m/s during the plasma exposure which was repeated twice 19 .
Prior to soiling, the PET film was aged for 1 week until the treated surface was stabilized 19 .
We used as-delivered spherical carbon black with an average diameter of 0.26 μm pyrolyzed at 1100 , Tokai Carbon Co. Ltd., Japan and stearic acid Wako Chemical Co., Ltd., Tokyo, Japan as model particulate and oily soils, respectively.
The washing media employed were water, ethanol and ndecane. Sodium dodecyl sulfate AS, Wako Pure Chemical Industries, Ltd., Japan and polyoxyethylene 10 dodecyl ether AE, Lion Corporation, Japan were used as surfactants. Critical micelle concentrations of AS and AE in the presence of 1 mmol/dm 3 sodium chloride were determined to be 7.6 10 3 and 1.5 10 4 mol/dm 3 , respectively, from surface tension measurements. Sodium hydroxide and sodium chloride were used as the alkali and neutral salt, respectively. Water, diiodomethane, ethylene glycol and npentane were used for the measurement of contact angles on the PET film. The water was purified resistivity of 18 MΩcm using a direct-Q UV apparatus Millipore, USA .
Other chemicals used included extra-pure-grade reagents, which were utilized without further purification.
Detergency experiment
Prior to the soil removal experiment, the soil was deposited on the PET film with 10 mm in width and 40 mm in length. The film was perpendicularly immersed in a 0.08 dm 3 in volume ratio mixture, ethanol and n-decane were also chosen as cleaning media that were compared against the above aqueous solutions. A frequency-modulated ultrasound 38 kHz, 120W was applied with an ultrasonic wave cleaner consisting of an oscillator and a cleaning bath 64106 and 64801VS, KAIJO, Japan . The water level of the bath was 68 mm and a stainless steel mesh basket with a size of 10 10 mm 2 was set in the cleaning bath at a distance of 40 mm from the bottom. Stirring action 600 rpm was applied with a magnetic stirrer bar 1.5 mmΦ 10 mm using a magnetic stirrer REXIM RSH-4DR, As one, Japan . The washing temperature was set at 25 and controlled within 1 . After cleaning, the PET film was dried in air. The soil removal efficiency was evaluated by binary processing of microscopic images of the PET films before and after cleaning. The system used consisted of a biological microscope CKX41, Olympus, Japan , a charge-coupled device CCD camera DP20, Olympus, Japan and 2D image analysis software WinRoof Ver. 6, Mitani Corporation, Japan . Microscopic images were obtained over five different areas 0.16 and 2.52 mm 2 per area for carbon black and stearic acid, respectively located 10 mm from the lower edge of the PET film. As shown in Fig. 1 , the microscopic image of the soil deposited on the PET film was converted from an original gray-scale digital image with 256 possible intensity values to a binary image using a suitable threshold level 105 in most cases . The removal efficiency was calculated from the changes in the total number of carbon black or the total area of stearic acid deposited on the PET film due to cleaning. The cleaning tests were repeated 5 10 times under the same experimental conditions.
Surface characterization of PET lm
The contact angle of water on the PET film was measured by the sessile drop technique using a video contact angle video system equipped with a CCD camera VCA-2500, AST Products, USA . The water contact angles measured 1 s after a 2 3 μl water drop was placed on the PET film surface was determined as the approximate value of the advancing angle, because the angle gradually decreased linearly with time 19 . The angles were measured at ten different locations on the same sample and the mean contact angle was obtained for each sample. The contact angle measurements were carried out in a room that was maintained at 20 and 65 RH. The surface free energy of the PET film was determined
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by the contact angle measurements with three probe liquids: water, diiodomethane and ethylene glycol. The Lifshitz-van der Waals component and the Lewis acid and base parameters were calculated by substituting the measured contact angles of the probe liquids and their referential surface free energy components into the van OssChaudhury-Good equation 20 .
X-ray photoelectron spectroscopy XPS analyses were carried out with a spectrometer Axis-Ultra DLD, Kratos, UK using monochromated Al K α radiation at 1486.7 eV 120W with charge neutralization 19 . Survey spectra were acquired with a pass energy of 80 eV and collected at a photoelectron take-off angle of 90 . The pressure in the analytical chamber was maintained at around 10 8 Pa. All XPS binding energies were referenced to the C1s peak of adventitious carbon at a binding energy of 284.8 eV.
RESULTS AND DISCUSSION
3.1 Effect of particle size on removal Figure 2 shows the size distribution of carbon black deposited on the PET films, which was obtained by microscopic image analysis. Since the cross sectional area of primary carbon black particle calculated from its average diameter was 0.053 μm 2 , most carbon black was expected to deposit on the PET film as secondary particles, i.e., aggregates consisting of several or ten and several particles. The removal efficiency of carbon black from the PET film with stirring and ultrasound in the aqueous NaCl solution is given in Fig. 3 as a function of the aggregate size. Ultrasound action efficiently removed carbon black of all sizes. On the other hand, the removal efficiency of stirring was only 20 30 and rapidly decreased with decreasing aggregate size below 1 μm 2 .
Time dependence of removal ef ciency
The change in removal efficiency of carbon black in the aqueous NaCl solution with time is presented in Fig. 4 . With stirring, the removal efficiency after 15 min of cleaning remained below 10 . On the other hand, with ultrasound, most of carbon black was removed in a short time and the apparent detergency equilibrium was achieved after 5 min of cleaning. The washing time was therefore set as 5 min in the experiments mentioned below. Figure 5 compares the removal efficiency of carbon black in the various solutions between stirring and ultrasonic cleanings. The removal efficiency of carbon black with stirring was less than approximately 10 in both aqueous and non-aqueous solutions. For ultrasonic cleaning, the soil removal efficiency increased remarkably and became extremely large 80 in the surfactant-free system. However, in the presence of surfactant, the removal efficiency with ultrasound remained below 60 . The addition of surfactant may decrease ultimate ultrasound intensity by reducing the sound propagation velocity in the solution, although it lowers the cavitation threshold by reducing surface tension on the cavitating bubble. The change in the viscosity by adding surfactant may affect the cavitation threshold.
Comparison of soil removal between stirring and ultrasound in various solutions
As shown in Fig. 6 , stearic acid was completely removed in ethanol with lower polarity and nonpolar n-decane. In aqueous solutions, the removal efficiency with stirring action was relatively small, despite the addition of alkali, surfactant or ethanol that promoted soil removal. With ultrasound action, the removal efficiency of stearic acid in the aqueous solutions was 2 3 times as large as that with the stirring action. Comparing the removal efficiencies in the presence of surfactant, the removal of stearic acid in the AE solution was higher than that in the AS solution in both cases of stirring and ultrasonic cleanings. On the other hand, the removal of carbon black was larger in the AS solution, as shown in Fig. 5 . It is worth noting that the particulate and oily soils can be removed effectively in the anionic and nonionic surfactant solutions, respectively. The experimental results showed that the ultrasound action was effective for both particulate and oily soils compared with mechanical agitation such as stirring in a wash bath. It is commonly said that uneven soil removal often takes place in ultrasonic cleaning because the cavitation is generated locally on the substrate. Table 1 gives the difference in the soil removal efficiency between different surface areas of the same PET sample. The deviation/ average ratio of the removal efficiency for the cleaning method with ultrasound was not larger than that with stirring. Therefore, a frequency modulated ultrasound used in the present study can be expected to remove the soil almost uniformly.
3.4 Effect of APPJ treatment to PET lm on the soil removal Table 2 gives the water contact angle, surface free energy components and surface atomic composition for untreated and APPJ-treated PET films. The contact angle of water on the PET film decreased substantially after the APPJ exposure. In regard to the surface free energy, a drastic increase in the base parameter due to the APPJ treatment was found, although there was not much change in the Lifshitz-van der Waals component. XPS results showed that the atomic concentration on the PET film surface increased from 25.6 to 32.8 for oxygen and from 0 to 2.3 for nitrogen after the APPJ treatment. Therefore, the surface free energy of the PET film increased due to surface oxidation by the APPJ treatment, which made it possible to enhance the wettability.
The removal efficiencies of carbon black and stearic acid from the untreated and APPJ-treated PET films with stirring action are presented in Fig. 7 . The removal of both soils was found to increase considerably by the APPJ treatment. In a previous study, using atomic force microscopy 19 ,
we observed that the surface roughness of the PET film increased after the APPJ exposure with nitrogen gas. We believe that the wettability increase due to the APPJ treatment successfully improved the soil release, by overcoming the disadvantage for removing soil by the surface roughness increase. 
CONCLUSIONS
The removal of carbon black and stearic acid from the PET film in various aqueous and non-aqueous solutions was successfully evaluated by the binary processing of microscopic images. In any solution, the frequency-modulated ultrasound was effective as a mechanical action of soil removal when compared to mechanical agitation of the wash bath. The APPJ treatment to the PET film enhanced the soil release in aqueous solutions, which was caused by the wettability increase due to surface oxidation. 
